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We have isolated a novel TGFb-like gene from Xenopus which is highly related to mouse nodal. The gene, Xnr4, is
expressed at the gastrula stage in the Spemann organizer and at later stages in the notochord and neural tube. Ectopic
expression of Xnr4 can induce and dorsalize mesoderm. These studies suggest that Xnr4, along with other nodal-related
genes (Xnr1-3), may participate in mesodermal patterning and possibly neural development. q 1997 Academic Press
INTRODUCTION MATERIALS AND METHODS
The Cloning and Sequencing of Xnr4
Nodal is a mouse TGFb-like gene expressed in the node
Xnr4 was cloned using a PCR cloning technique with stage 10.5
of mouse gastrula, a region which is analogous to the Xenopus cDNA as template. The primers used for PCR were 5*-
Xenopus Spemann organizer (Zhou et al., 1993). Disrup- CGGGATCCAA(T/C)CA(T/C)GCNTA(T/C)AT(T/C/A)CA(A/
tion of nodal has dramatic effects resulting in a lack of G)A-3* and 5*-CGGGATCCNAG(A/G)CANCC(A/G)CA(T/C) -
primitive streak formation and an embryonic lethal phe- TC(T/C)TC-3*. PCR was run for 35 cycles with an annealing tem-
perature of 557C. The products were gel puri®ed, digested withnotype at gastrula stages (Conlon et al., 1994). A group
BamHI, subcloned into pBluescriptKSII/, and then transformedof Xenopus nodal-related genes has been cloned (Xnr1-3)
into HB101 cells and selected for ampicillin resistance. The full-(Jones et al., 1995; Smith et al., 1995; Ecohard et al.,
length clone of Xnr4 was pulled out from a lZAPII stage 11 Xenopus1995). All of these genes are expressed in the Spemann
cDNA library (a gift from Douglas DeSimone). Filters were screenedorganizer and all can dorsalize mesoderm in Xenopus em-
with a random hexamer 32P-labeled probe of the Xnr4 PCR fragment
bryonic explants. Xnr1 and Xnr2 have been shown to in- (with 21 SSC/0.1% SDS at room temperature, 0.21 SSC/0.1% SDS
duce mesoderm and Xnr1, like mouse nodal and chick at 377C). Positive clones were plaque puri®ed and excised in pBlue-
nodal-related 1 (Cnr1), has been shown to be involved in scriptSK using the Stratagene in vivo excision procedure. Positive
the establishment of left± right asymmetry (Collignon et clones were sequenced using a Sequenase version 2.0 kit (USB).
The sequence of Xnr4 was then determined by sequencing bothal., 1996; Levin et al., 1995; Lowe et al., 1996).
strands of a full-length cDNA clone.We have isolated a novel member, Xnr4, of the nodal-
related group of genes. During gastrula stages, Xnr4 RNA
is tightly localized to the Spemann organizer. Unlike In Situ Hybridizations
other Xenopus nodal-related genes, Xnr4 is expressed
A whole-mount in situ protocol was used as described by Harlandduring the neural stages in the notochord and neural
(1991) but modi®ed to include the use of BM purple substrate (Boeh-
tube. Functional studies demonstrate that Xnr4 can dor- ringer). The digoxigenin mRNA probes were made from linear DNA
salize and induce mesoderm. The distinctive expression templates using Megascript in vitro RNA synthesis kits (Ambion)
pattern of Xnr4 suggests that it must be added to the with T3 and T7 polymerases and digoxigenin ±UTP. A section in
growing list of nodal-related genes with the potential to situ protocol was performed on 8-mm-thick paraplast sections, as
described by Henry et al. (1996).pattern mesoderm and that it may play a role in neural
development.
Embryo Manipulation and Biological Assays
Xenopus laevis eggs were fertilized, cultured, and injected ac-
cording to Thomsen and Melton (1993). All staging of embryos was1 To whom correspondence should be addressed. Fax: (617) 495-
8557. done according to Nieuwkoop and Faber (1967).
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FIG. 1. Xnr4 is a member of the TGFb superfamily that is expressed in the Spemann organizer. (A) The amino acid sequence of Xnr4.
A hydrophobic region at the N-terminus is underlined and the predicted proteolytic cleavage site (RRXRR) is indicated by a box. Cysteine
residues in the mature region are shown in bold typeface. (B) A lineup of the amino acids of mature Xnr4 with those of mouse nodal and
the other Xenopus nodal-related factors (beginning with the ®rst conserved cysteine of the mature region). The cDNA sequence for Xnr4
has been submitted to GenBank under accession No. U79162.
Ultraviolet-ventralized embryos were produced by irradiating embryos. At the blastula stage, stage 8, animal cap explants were
cut, cultured to stage 11 or 28, and analyzed by RT-PCR.the vegetal pole of embryos at 30 min postfertilization for a period
of 75 sec. Xnr4 was subcloned into the pSP64TNE vector. This
Xnr4-64T construct was linearized and a Megascript in vitro RNA
synthesis kit (Ambion) with SP6 polymerase was used to make RESULTS AND DISCUSSION
mRNA. This mRNA was injected into one cell of a four-cell stage
UV-ventralized embryo.
Using a PCR cloning strategy, we isolated a novelXnr4 was subcloned into pXEX, a vector with the Xenopus
cDNA, Xnr4 (Fig. 1A), which codes for a mature proteinelongation factor 1-a promoter, for zygotic expression (Johnson
that is 57% identical to mouse nodal (in a comparison ofand Krieg, 1994). This Xnr4-XEX plasmid was linearized with
BglII before injection into the marginal zone region of each cell amino acids beginning with the ®rst conserved cysteine)
of a two-cell stage embryo. At the gastrula stage, dorsal and (Fig. 1B). All Xenopus nodal-related factors identi®ed
ventral marginal zone explants were cut with an eyebrow knife thus far are 53± 63% identical to mouse nodal. However,
and cultured until tadpole stages, when they were analyzed for Xnr4 is unique among the Xenopus nodal-related factors
expression of molecular markers using RT-PCR. RT-PCR was in that it, like mouse nodal, contains the usual pattern
performed according to Wilson and Melton (1994), using primers of cysteines conserved among TGFb superfamily mem-
noted therein. [Additionally, primers for aT1-globin (5*-GCC-
bers.TACAACCTGAGAGTGG-3*/5* -CAGGCTGGTGAGCTG-
RNA transcript analysis reveals that Xnr4 expressionCCC-3*) (Banville and Williams, 1985) and siamois (5*-AACTT-
begins at the time of the midblastula transition (data notTCTCCAGAACC-3*/5*-GTCAGTGTGGTGATTC-3*) (Lemaire
shown). Whole-mount in situ hybridizations show thatet al., 1995) were used.]
Xnr4 mRNA was injected into animal poles of one-cell stage Xnr4 is tightly localized to the Spemann organizer during
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FIG. 2. (A) Whole-mount in situ hybridizations of gastrula and neurula stage embryos with antisense probe recognizing Xnr4 (panels on
the left) and with control Xnr4 sense probe (panels on the right). The gastrula (stage 10) embryo is shown as a vegetal view with the dorsal
blastopore lip at the top of the panel and the neurula (stage 19) embryo is shown as a dorsal view with the posterior end at the bottom
of the panel. (B) An in situ hybridization of a sagittal section of a gastrula stage embryo showing the expression of Xnr4 in the deep cells
of the dorsal blastopore lip. (C) An in situ hybridization of a transverse section of a late neurula stage embryo showing expression of Xnr4
in the notochord and the ventral neural tube.
early gastrula stages (Fig. 2A). This Xnr4 expression do- cue a dorsal axis (DAI  2) (Kao and Elinson, 1988) (Fig.
3). Furthermore, zygotic expression of Xnr4 by plasmidmain does not extend around the marginal zone region,
as do the expression domains of Xnr1 and Xnr2 at this injection of Xnr4-XEX dorsalizes existing mesoderm in
marginal zone explants, causing them to express the dor-stage (Jones et al., 1995). In situ hybridizations of sec-
tioned gastrula stage embryos show that Xnr4 is ex- sal mesodermal marker muscle actin instead of the ven-
tral mesodermal marker aT1-globin (Fig. 4A). The meso-pressed in the deep cells of the organizer (Fig. 2B). Expres-
sion of Xnr4 is characteristic of most organizer-expressed derm-inducing capability of Xnr4 was studied using an
mRNA injection animal cap assay. Injection of Xnr4genes in that it is in the deep cells, whereas expression
of Xnr3 is restricted to only the epithelial layer of cells mRNA (1 ng) induces the general mesodermal marker
Xbra and the ventrolateral mesodermal marker Xwnt8and is both above and below the blastopore lip. Xnr4 con-
tinues to be expressed throughout the gastrula and neu- (Fig. 4B). However, goosecoid (gsc), noggin, and siamois
are not induced by this high concentration of Xnr4rula stages, when it becomes localized to the notochord,
a derivative of the organizer (Fig. 2A). In situ hybridiza- mRNA. Injected animal cap explants cultured to a late
stage express muscle actin but not aT1-globin (Fig. 4C).tions of sectioned late neurula stage embryos show that
Xnr4 is also expressed in the ventral neural tube (Fig. Thus, Xnr4 can induce mesoderm in a Xenopus animal
cap assay, as can Xnr1, Xnr2, and mouse nodal (Jones2C). Of the other Xenopus nodal-related genes (Xnr1, 2,
and 3), only Xnr1 has been found to be expressed at post- et al., 1996). Xnr3 differs from these other nodal-related
factors in that it is unable to induce mesoderm and it cangastrula stages (Lowe et al., 1996). Xnr1 is transiently
expressed at these stages as two symmetric patches at induce ``tail-like protrusions'' instead of hyperdorsaliza-
tion when overexpressed in whole embryos (Smith et al.,the posterior end of the notochord and then in the left
lateral plate mesoderm. Our in situ hybridization analy- 1995).
Xenopus nodal-related factors (Xnr1, 2, and 4) are ablesis of the Xnr4 expression pattern did not reveal a left ±
right asymmetry, as has been shown for Xnr1, cNR1, and to induce mesoderm. However, since these genes are not
maternally expressed, these factors are probably involvedmouse nodal.
To examine the potential role of Xnr4 in mesodermal in the relay or maintenance, rather than the initiation,
of mesoderm-inducing signals. All of the Xenopus nodal-development, we injected Xnr4 mRNA (50 pg) into UV-
ventralized embryos. Xnr4 expression can partially res- related factors are expressed in the Spemann organizer
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FIG. 3. Xnr4 mRNA injection partially rescues a dorsal axis in a UV-ventralized embryo. (Top) A sibling stage control embryo, DAI 
5 (n  18). (Middle) A UV-ventralized embryo, DAI  0 (n  26). (Bottom) A UV-ventralized embryo injected in the marginal zone region
of one cell at the four-cell stage with 50 pg of Xnr4 mRNA (DAI  2). A partial axial rescue of DAI  1 or 2 occurred in 77% of the
embryos injected with 50 pg of Xnr4 mRNA (n  17/22), with 23% having a DAI  2 (n  5/22). Injection of 5 pg of Xnr4 mRNA did
not ef®ciently rescue a dorsal axis (n  7/19, DAI  1; and n 0/19, DAI  2) and injection of 500 pg of Xnr4 mRNA led to hyperdorsalization
of embryos (n  21). Control UV-ventralized embryos injected with 50 pg of b-galactosidase mRNA had a DAI  0 (n  19).
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study of Xenopus nodal-related factors is needed to un-
derstand the precise role of nodal-related signals during
vertebrate development.
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